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Colour and pattern are key traits with important roles in camouflage, warning and attraction.
Ideally, in order to begin to understand the evolution and ecology of colour in nature, it is
important to identify and, where possible, fully characterise pigments using biochemical
methods. The phylum Mollusca includes some of the most beautiful exemplars of biological
pigmentation, with the vivid colours of sea shells particularly prized by collectors and scien-
tists alike. Biochemical studies of molluscan shell colour were fairly common in the last cen-
tury, but few of these studies have been confirmed using modern methods and very few
shell pigments have been fully characterised. Here, we use modern chemical and multi-
modal spectroscopic techniques to identify two porphyrin pigments and eumelanin in the
shell of marine snails Clanculus pharaonius and Cmargaritarius. The same porphyrins were
also identified in coloured foot tissue of both species. We use high performance liquid chro-
matography (HPLC) to show definitively that these porphyrins are uroporphyrin I and uro-
porphyrin III. Evidence from confocal microscopy analyses shows that the distribution of
porphyrin pigments corresponds to the striking pink-red of C. pharaonius shells, as well as
pink-red dots and lines on the early whorls of C.margaritarius and yellow-brown colour of
later whorls. Additional HPLC results suggest that eumelanin is likely responsible for black
spots. We refer to the two differently coloured porphyrin pigments as trochopuniceus (pink-
red) and trochoxouthos (yellow-brown) in order to distinguish between them. Trochopuni-
ceus and trochoxouthos were not found in the shell of a third species of the same superfam-
ily, Calliostoma zizyphinum, despite its superficially similar colouration, suggesting that this
species has different shell pigments. These findings have important implications for the
study of colour and pattern in molluscs specifically, but in other taxa more generally, since
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this study shows that homology of visible colour cannot be assumed without identification of
pigments.
Introduction
Colour plays an important role in the survival of many species, specifically in mate attraction,
signalling, camouflage, thermoregulation, immunity and strengthening [1–4]. Colour can also
offer a visible link between an external phenotype and its corresponding genotype, providing a
model for the exploration of fundamental evolutionary processes [2]. In order to study how
colour and pattern have evolved in any organism it is imperative to know which pigments are
responsible for colouration and how these pigments originate [4–6]. There are several classes
of biological pigments, and each can give rise to a range of colours that overlaps with those pro-
duced by other pigment classes [4, 7]. As such, it is not possible to identify the pigment classes
present in any organism purely by its visible colour, making it essential to identify pigments
biochemically to avoid mistaking homoplasy for homology. Once a pigment is known, molecu-
lar studies can be more targeted in identifying genes associated with its pigment [4].
Molluscs are often renowned for their highly colourful shells, and shell colour and pattern
have proved to be highly tractable markers for use in studies on natural selection, in part
because shells and shell fragments can be easily collected [4] (e.g. [8]). Recently, there has been
growing interest in the molecular origins of shell colour (e.g. [9–12]). The biochemical nature
of shell pigments was investigated by a number of researchers towards the end of the 1800s,
reaching a peak in terms of number of studies in the mid-1900s (e.g. [5, 13–24]). Older studies
identified two main classes of shell pigments: melanins and tetrapyrroles (which include por-
phyrins and linear tetrapyrroles known as bile pigments or bilins) along with a number of
other pigments that could not be fully characterised, some of which were complexed to pro-
teins. More recent chemical studies are scarce, but have confirmed the presence of porphyrins,
bilins and incompletely characterised pigments identified only as polyenes (organic com-
pounds containing multiple double bonds) (e.g. [24–26]).
However, the extraction and identification of pigments is extremely difficult. For example,
in one recent study, more than 30 kg of shells ofHaliotis discus hannai were required to obtain
only 2.7 mg of purified pigment [24]. Such studies are likely only possible for species that are
very large or the target of aquaculture (as in the case of Haliotis). In part because of the difficul-
ties associated with chemical identification of shell pigments, many recent studies of shell pig-
mentation have focused on using Resonance Raman Microspectrometry to examine whole
shells. These studies have also found polyenes or polyenes bound to other molecules in shells,
which are usually described as carotenoids, and occasionally as psittacofulvins (e.g. [7, 27–30]).
Although little is known about the evolution of pigments in molluscs, it seems likely that
pigment types are distributed in a phylogenetically relevant manner ([4, 15] and references
therein). For instance, tetrapyrrole pigments such as porphyrins and bilins occur most com-
monly in vetigastropods and have not been found in the shells of freshwater gastropods (other
than some neritids) or land snails [20]. Conversely, polyenes (mostly thought to be caroten-
oids) have been identified by Raman Microspectrometry primarily in shells of caenogastro-
pods, hetereobranch gastropods and unionid bivalves [28, 29, 31–34].
In this study we use a variety of chemical and multi-modal spectroscopic techniques to iden-
tify and characterise as fully as possible shell pigments in two nominal species of the vetigastro-
pod genus, Clanculus (Trochoidea; Trochidae): Clanculus margaritarius (Philippi, 1846) (Fig
1A and 1B) and C. pharaonius (Linnaeus, 1758) (Fig 1C). Clanculus pharaonius shells are a
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vivid pink-red with black and white spots and C.margaritarius shells have pink-red spots and
lines on early whorls, but yellow-brown on later whorls, again with black and white spots as
seen in C. pharaonius. We compare these results with those obtained for another vetigastropod
from the same superfamily Calliostoma zizyphinum (Linnaeus, 1758) (Trochoidea: Calliosto-
matidae), (Fig 1D). Calliostoma zizyphinum shells have both pink-red and yellow-brown mark-
ings, similar to the colours seen in the Clanculus species. Identification of the pigments in these
three species provides the opportunity to determine whether their superficially similar coloura-
tion arises from homologous pigments as well as providing a foundation for molecular studies
targeting genes associated with pigment production in this superfamily.
Fig 1. Photos of exemplar specimens. (A) Clanculus margaritarius A. Shell from Kitahama, Japan. Note that the specimen is sub adult.
Specimen # 3. (B)Clanculus margaritarius B. Shell of an unlocalised specimen, NHMUK collection. Specimen # 10. (C) Clanculus pharaonius.
Rose Reef, Thuwal, Saudi Arabia. Specimen # 4. (D) Calliostoma zizyphinum. Shetland Islands, United Kingdom. Specimen # 1. Scale bars = 5
mm, except in (D), where scale bar = 1 cm.
doi:10.1371/journal.pone.0156664.g001
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Materials and Methods
Samples
Specimens used in this study included both live-collected specimens of Clanculus margaritarius
A from Japan and dry, unlocalised shells of C.margaritarius B from NHMUK collections
(Table A in S1 File). The latter differed slightly from the former by small differences in the col-
our pattern and shell sculpture, notably on early whorls, and the two forms may represent sib-
ling species. Clanculus pharaonius were all collected from Saudi Arabia. Calliostoma
zizyphinum specimens came from the United Kingdom (See Table A in S1 File for more infor-
mation). Specimens from the UK and Japan were donated to the NHMUK and no specific per-
mits were required to collect these samples. Samples from Saudi Arabia were collected in
association with the King Abdullah University of Science and Technology (KAUST) and access
to local coral reefs was granted by the Saudi Arabian Coast Guard. Given that the research
involved invertebrates, no approval was required by the KAUST Institutional Animal Care and
Use Committee. The species in this study are neither endangered nor protected. Voucher speci-
mens of each species have been deposited at the Natural History Museum (London) (see
Table A in S1 File).
Methods used to identify pigments were undertaken first with C.margaritarius and, if infor-
mative, repeated for C. pharaonius. Methods that were useful for identifying the pink-red and
yellow-brown coloured regions were repeated for Ca. zizyphinum. All shells were cleaned in an
ultrasonicator with mild detergent prior to analyses.
High performance liquid chromatography (HPLC) analyses
Fluorescent pigments—uroporphyrin I and III. Previous studies have shown that Clan-
culus pharaonius shells fluoresce red under UV light and have identified the pigment uropor-
phyrin I in shells using chromatography [35, 36]. In this study we exposed dry shells of C.
margaritarius, C. pharaonius and Ca. zizyphinum to short- and long-wave UV light (254 and
366 nm) to identify any fluorescence. Of our target pigments, only porphyrins and bile pig-
ments fluoresce under UV light [37, 38]; however, if these pigments are complexed to a protein
moiety, fluorescence is quenched [39].
Whole shells from two specimens of C.margaritarius and one specimen of C. pharaonius,
and a 1cm2 piece of Ca. zizyphinum shell with both pink-red and yellow-brown colours were
analysed by HPLC using a Dionex UltiMate 3000 system with a Dionex RF2000 fluorescence
detector to identify the fluorescent compounds. Shells were broken and decalcified separately
with concentrated hydrochloric acid (37%) for 24 hours at room temperature in the dark and
diluted at least one in five with deionised water prior to HPLC analysis. Foot tissue from both
Clanculus species was treated in the same manner. HPLC separation was carried out on a Poro-
shell C18 column (2.7μm, 4.6 x 50mm; Agilent Technologies, UK). A 10 μL aliquot of the solu-
tion was injected onto the column at a flow rate of 1.2ml/min. Porphyrins were detected using
fluorescence with an excitation wavelength 404 nm and emission wavelength 618 nm, which is
characteristic of porphyrins.
To measure retention times, gradient elution of a standard mixture containing the porphy-
rins uroporphyrin I, uroporphyrin III, hepta-, hexa- and pentacarboxylate porphyrins, copro-
porphyrin I, coproporphyrin III, deuteroporphyrin and mesoporphyrin was carried out with
Solvent A: 1 M ammonium acetate buffer pH 5.16: acetonitrile (90:10) and Solvent B: metha-
nol: acetonitrile (90:10). The standard mix was obtained by combining a porphyrin marker kit
containing uroporphyrin I, hepta-, hexa- and pentacarboxylate porphyrin I, coproporphyrin I
and mesoporphyrin IX from Frontier Scientific Ltd, UK with uroporphyrin III,
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coproporphyrin III, deuteroporphyrin IX and protoporphyrin IX from Sigma-Aldrich Ltd,
UK. Sample porphyrins were separated with a 15 min linear gradient elution from 100% Sol-
vent A to 10% Solvent A (90% Solvent B) followed by isocratic elution at 90% Solvent B for a
further 3 mins. The gradient then reverted to 100% Solvent A. An additional check for porphy-
rin peak identity was undertaken by running two commercially available quality control sam-
ples; ClinChek Levels I and II (Recipe Chemicals and Instruments, Germany). These were
included at the beginning and the end of all assays and contained known amounts of uropor-
phyrin I, hepta-, hexa- and penta-carboxylate porphyrin, coproporphyrin I and copropor-
phyrin III.
Pyrromethanes can form uroporphyrin I under acidic conditions [40], so we repeated
HPLC analyses with a modified protocol to confirm our results. One C.margaritarius shell
(specimen # 12) was partially dissolved in 0.5 M Na-EDTA pH 8.0 at 65°C. After 1.5 h the top
layer of the shell had dissolved and holes were starting to form in the shell. Some orange-pink
pigment remained in the early whorls, although the early whorls themselves were dissolving.
The pale brown suspension containing the pigment was passed through a Bond Elut C18 col-
umn (Analytichem International, part 607203). A brown layer that could be seen on the filter
did not elute with water, but eluted with methanol. This sample was also run on the HPLC
under the same conditions as above.
Non-fluorescent pigments–melanin. We hypothesised that black-coloured spots on the
shells of both Clanculus species might be due to the common pigment melanin. Four shells of
C.margaritarius, including one shell that had the top pigmented layer removed, and one shell
of C. pharaonius were decalcified by gently mixing for 30 min in 20 volumes (v/w) of 1 M HCl.
Aliquots of 1.5 mL of the suspensions obtained were placed in 10 mL screw-capped conical test
tube and evaporated to dryness in a vacuum desiccator. The residues were subjected to alkaline
H2O2 oxidation to convert melanin to pyrrole-2,3,5-tricarboxylic acid (PTCA), a specific
eumelanin marker, as described in [41]. In brief, 100 μL water, 375 μL M K2CO3 and 25 μL
30% H2O2 were added to the test tubes containing the seashell preparation. The tubes were
mixed vigorously at 25° ± 1°C for 20 h. The residual H2O2 was decomposed by adding 50 μL
10% Na2SO3 and the mixture was then acidified with 140 μL 6 M HCl. Each reaction mixture
was briefly centrifuged, and an 80 μL aliquot of each supernatant was directly injected into the
HPLC system as described in [41]. The presence of 4-amino-3-hydroxyphenylalanine
(4-AHP), a specific pheomelanin marker, was determined after reductive hydrolysis with
hydroiodic acid as described in [42].
Confocal microscopy
We examined fluorescence of the shells of eight specimens of C.margaritarius including the
specimen with the top layer of pigmented shell removed (specimen # 12), two specimens of C.
pharaonius and one specimen of Ca. zizyphinum using a confocal microscope to determine
whether fluorescence was congruent with visible pigment. Confocal images were acquired with
a Nikon A1-Si laser-scanning confocal microscope using a 10x objective (NA 0.3). Images were
recorded with pixel dimensions of 1.24 μm. To investigate the presence and distribution of uro-
porphyrin I and uroporphyrin III, we used a spectral detector to acquire a complete fluores-
cence emission spectrum. Autofluorescence of the shell was excited with a 405 nm line of 100
mW cube laser, a 488 nm line of 50 mW sapphire laser, a 561 nm line of 50 mW sapphire laser
and a 640 nm line of 40 mW cube laser (all lasers by Coherent Inc., USA). The fluorescence sig-
nal was collected with a 32 channel spectral detector at 10 nm resolution on a diffraction grat-
ing covering a range of wavelengths between 410 nm and 730 nm. The shell surface was
visualised using a 34.5 μm (1.2 airy units) confocal pinhole and a number (typically between 60
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and 130) of z-stacks were acquired, each with optical thickness of 7.5 μm. Emission spectra
were acquired with the same microscope setup for uroporphyrin I dihydrochloride and uro-
porphyrin III dihydrochloride standards (Frontier Science). The fluorescence signal collected
from raw images was then spectrally unmixed using these reference data and Nikon NIS-Ele-
ments software (http://www.nis-elements.com/).
UV-visible spectrophotometry
Pigments were extracted from one shell fragment of each species: C.margaritarius and C. phar-
aonius by ca. 5 ml of 0.5 M Na-EDTA (pH 8) for 1.5 h at 65°C. The extracts were filtered
through 0.2 μm polypropylene syringe filters and their spectra (300–900 nm with a resolution
of 0.5 nm) were recorded using a Shimadzu UV-1800 UV-visible spectrophotometer in 1 cm
polystyrene cells against Na-EDTA solution as a blank. After the initial exposure to light for ca.
3 h, the solutions were kept in darkness for 13 days and their spectra were re-recorded to check
the stability of the extracted pigments in the near-neutral Na-EDTA solution.
Mass spectrometry
We attempted to further identify porphyrin pigments from three samples of C.margaritarius
shell using positive ion electrospray mass spectrometry. Shell pieces containing pigment were
treated with either 6 M HCl or 0.5 M EDTA at room temperature for 2 h. The supernatants
were passed onto a prewashed Bond Elut C18 column where a band of pigment was observed
at the top of the column. The columns were washed with water and then UV-absorbing mate-
rial was then eluted with methanol followed by methanolic ammonium hydroxide (90:10 v/v).
Solvents were removed under a stream of nitrogen, and the samples re-suspended in 50%
methanol:water for analysis by positive ion electrospray mass spectrometry on a Micromass
Quattro II instrument; however, there was insufficient material available to obtain structural
information.
Raman spectroscopy
The yellow-brown surface and black spots of two C.margaritarius shells were examined using
microscopic analyses with Raman spectroscopy. Multiple areas were analysed on each shell.
The shell was illuminated by light with a wavelength of 532 nm using a Senterra Bruker instru-
ment. Laser output at the source was 1–10 mW.
Trace metals associated with pigmentation
Pigments like porphyrins and melanin are often associated with metal ions so we used a suite
of methods to determine whether any metals were associated with the shell pigment patterns
observed in C.margaritarius.
Energy dispersive spectrophotometry (EDS). We used EDS to test for the presence of
trace metal ions on the shell surface. Analyses at the Natural History Museum were carried out
using a LEO1455VP scanning electron microscope equipped with a X-Max 80 mm2 EDS detec-
tor (Oxford Instruments Ltd.) using the following microscope setup: 20 kV, I probe = 447 pA,
chamber pressure 20 Pa, working distance 15 mm. The acquisition time was set to 120 s and
~25% dead time. These data were compared with analyses run at the University of Manchester
on a FEI Quanta 650 FEG SEM equipped with a multi-channel Bruker 5060F XFlash QUAD
EDS system with an acquisition time of 180 s, working distance 8.8 mm, chamber pressure 67
Pa and an accelerating voltage of 25 kV.
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Microfocus synchrotron analysis. Synchrotron methods have been successfully used for
the analysis of biological soft tissues for over 30 years, see [43] for a review of microfocus appli-
cations. Maps and sulphur X-ray Absorption Near Edge Structure (XANES) spectra were
obtained at Diamond Light Source microfocus Beamline I18 using Kirkpatrick-Baez mirrors to
produce a spot size of approximately 5 μm, a double crystal Si (111) monochromator to scan
incident beam energy, and a 4-element Vortex silicon drift detector positioned at 90 degrees to
the incident beam to detect the X-ray fluorescence (XRF) signal. Flux was estimated to be
approximately 3 x 1010 photons s-1. Scan speed was either 0.10 or 0.21 s pixel-1. With this sys-
tem, a full EDS spectrum is recorded for every pixel of the XRF map. EDS fluorescence point
spectra were also obtained by counting for 30 seconds at a specific location. Each spectrum was
fit using the PyMCA freeware [44] from fundamental parameters of the experiment using a
Durango apatite mineral standard with known element concentrations for calibration. Differ-
ent areas were analysed in triplicate and the results averaged. Maps of heavy elements (K-Sr)
were collected under ambient conditions. Maps of light elements (Al-Cl) and sulfur X-ray
Absorption X-ray Absorption Near Edge Structure (XANES) spectra were recorded by placing
the sample and detector aperture into a helium-purged bag to minimize absorption of the inci-
dent and fluoresced signals. A ZnSO4 standard was used to calibrate the energy of the
monochromator.
Fourier transform infrared (FTIR) spectra. FTIR spectra were collected by attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) using a Perkin Elmer
Spotlight 400 imaging system. Spectra were taken using a wavenumber range of 4000 to 650
cm-1, at a resolution of 4 cm-1 and using an aperture of 100 μm2. Sixteen replicate spectra were
obtained. Each was background subtracted and then all were summed to produce an averaged,
background subtracted, summary spectrum. Organic peak assignments were made using the
Bio-Rad KnowItAll Informatics System 8.2 Multi-Technique database. Uroporphyrin I ethyl
ester from bovine porphyric urine (CAS number: 54090-85-6) was purchased from Sigma
Aldrich and used as a standard for comparison to the shell.
Time-of-Flight secondary ion mass spectrometry (ToF-SIMS). ToF-SIMS with C60 pri-
mary ions was used for comprehensive analysis of inorganic and organic material of the shell
surface. ToF-SIMS uses a pulsed primary ion beam to sputter material from the surface which
is then analysed using a time-of-flight mass analyser giving a full mass spectrum up to mass
2000. The ToF-SIMS instrument, which is now equipped with a C60 primary ion source, is
described in detail in [45] and a more general overview of ToF-SIMS is given in [46]. C60 pri-
mary ions are ideally suited for organic analysis because it is possible to overcome the static
limit [47] which means that the sample surface can be cleaned from surface contamination
without destroying organic material in the sample. C60 primary ions are also very suitable for
inorganic analyses because of accuracy improvements for quantitative analyses [48].
Using a primary ion beam of 10 pA, the sample was first cleaned with a dc-beam over a
300 μm area to remove any surface contamination from sample handling. The analysis was
then performed with a pulsed beam of 10 ns pulse duration and an area of 250 μmwith
256 × 256 pixels. Secondary ion images have been extracted from peaks marked in the total
mass spectrum and sub-regions have been defined for semi-quantitative analysis. High mass
resolution (M/dM> 5000) was achieved by using a delayed extraction method to ensure that
molecular interferences could be resolved.
Laser ablation inductively coupled plasma mass spectrometry. All the above methods
rely on surface analyses, so we also undertook laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS), which produces depth-resolved data. Laser ablation was used to
examine C.margaritarius and C. pharaonius specimens.
Identification of Gastropod Shell Pigments
PLOS ONE | DOI:10.1371/journal.pone.0156664 July 1, 2016 7 / 25
Qualitative analyses of 25 trace elements were performed by LA-ICP-MS using a NewWave
Research NWR193 laser coupled to an Agilent Technologies 7500cs ICP-MS system. Determi-
nations were performed in a He atmosphere. Background gas signals were collected for 35 s fol-
lowed by 55 s of ablating the samples. The laser was fired at 5Hz, using a beam diameter of
45 μm and fluence of 2.8 J cm2. Data were collected using a peak jumping time resolved acqui-
sition technique. The data for the output between 40 s and 60 s were normalised to the counts
for calcium and plotted to determine any variation between the exhibited colours. The method
was used to examine multiple samples of each colour (yellow-brown or red, black and white)
on three shells of C.margaritarius and two shells of C. pharaonius.
Results
Fluorescent pigments–uroporphyrin I and III
All Clanculus specimens fluoresced red under UV light but no conspicuous fluorescence was
observed for Ca. zizyphinum under UV light (Fig 2). A C.margaritarius shell that had the top
pigmented layer removed through decalcification by Na-EDTA, did not show strong fluores-
cence, indicating that fluorescence was due to pigments found only in the top layer of shell.
Red fluorescence under UV light suggested the presence of porphyrins in the shell of C.
margaritarius (Figs 2 and 3) and C. pharaonius (Fig 2, Figure B in S1 File), which was con-
firmed by HPLC analyses. Two large peaks in the HPLC traces corresponding to uroporphyrin
I and uroporphyrin III were observed, although the peak area ratio differed between the two
species (Fig 4). Retention times of the porphyrins from the shell extracts showed very slight
drift during HPLC analysis when compared with standards. A recognised explanation for this
is that the analysis was run overnight and the ambient temperature of the laboratory fluctuates
during the evening. Temperature fluctuation can affect evaporation of the organic phase affect-
ing the retention times of the porphyrins eluting from the column. The use of internal quality
controls run on all assays at the beginning and the end of each run ensures that peaks were
identified correctly, even in the presence of slight drift.
Trace amounts of coproporphyrin III were also identified via HPLC in C.margaritarius
shell. Results of HPLC analyses of C.margaritarius and C. pharaonius foot tissue also identified
uroporphyrin I and III and trace amounts of coproporphyrin I and pentacarboxylate porphy-
rin. Analysis of pigment dissolved from the top layer of a C.margaritarius shell without the use
of concentrated acid (using Na-EDTA instead) showed a similar result, with trace amounts of
coproporphyrin III and heptacarboxylate porphyrin (data not shown). No obvious fluores-
cence was observed for a Ca. zizyphinum shell viewed under a UV light and only trace amounts
of uroporphyrin were identified using HPLC (data not shown).
Examination of shells using a confocal microscope to detect fluorescence associated with
uroporphyrins showed that the distribution of uroporphyrin I and III in Clanculus shells was
congruent with pink-red spots and areas of yellow-brown pigmentation on C.margaritarius
shells and with pink-red areas on C. pharaonius shells (Fig 3, Figure B in S1 File). There was no
fluorescence associated with uroporphyrin I and III in black spots on the shell and there
appeared to be none at all in white areas closely associated with the black spots. The cream-col-
oured, iridescent, nacreous layer of shell underlying visible pigmentation showed very weak
red fluorescence suggesting that the uroporphyrins occur in the top, pigmented layer of the
shell. There was no fluorescence associated with pigmentation in Ca. zizyphinum shells.
UV-visible absorption spectroscopy
Porphyrins display characteristic absorption and fluorescence properties in the visible region.
Porphyrins have a wavelength of maximum absorption (λmax) around 400 nm, known as the
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Soret band, and weaker absorption bands, known as Q-bands, between 450 and 700 nm [49].
There are four Q-bands in metal-free porphyrins as their free bases and only two in porphyrins
complexed to metal ions [50]. There are four types of porphyrin (etio-, phyllo, rhodo- or oxor-
hodo), which differ in their substituents; different substituents can result in different colours
[49, 50]. The type of porphyrin can be determined by the relative heights of Q-bands.
The colour of the Na-EDTA extract from the shell of C.margaritarius was brown and stable
over 13 d, whereas fresh pigment extract for C. pharaonius was red, but turned red-brown over
time (Fig 5). Examination of Na-EDTA extracts from the shells of both Clanculus species over
this time period show features characteristic for porphyrins in their UV-visible absorption
spectra: Soret bands at 400 nm and four Q-bands, typical for metal-free porphyrins as their
free bases [50]. The spectrum of the C.margaritarius extract is characterised with the following
positions of Q-bands: I– 613 nm, II– 564 nm, III– 539 nm and IV– 506 nm. It is not easy to see
whether it is etio-type with the order of intensities is IV> III> II> I or phyllo-type with
IV> II> III> I [50]. The spectrum of the C. pharaonius extract shows the same positions of
Q bands (except that Q(II) is just a tiny shoulder peak); it is an etio-type with the order of
intensities of IV> III> II> I. These values differ slightly from those found by Tixier [36],
which were I– 625 nm, II– 572 nm, III– 532 nm and IV– 500 nm, but the positions of bands
depend on solvents and so are not expected to be identical. There is also an additional broad
absorption band in the 450–600 nm region and a shoulder at ca. 470 nm. Aging for 13 days in
aqueous solution at pH 8 causes both C.margaritarius and C. pharaonius extracts to become
phyllo-type (also the shoulder at 470 nm in the C. pharaonius extract disappears). Thus the
porphyrin type changes over time, which may explain the colour change observed for C. phar-
aonius pigment extracts.
Raman spectroscopy
In situ spectra excited by 532 nm light showed a collection of bands at approximately 1556,
1445, 1335, 1085 and 703 cm-1 (Figure C in S1 File) for the yellow-brown regions of the shells.
Spectra of the black spot showed bands at approximately 1554, 1443, 1345, 1109, 1085 and 703
cm-1 (Figure C in S1 File). Raman bands at 1085 and 703 cm-1 [n(CO3
2-)] can be positively
assigned to the CaCO3 polymorph aragonite [27, 51]. The Raman band at 1555 cm
-1 observed
in the in situ spectrum of the C.margaritarius shell can be assigned to the vibrational (Cβ-Cβ)
stretching mode assigned to pyrrole systems in porphyrins [29, 52, 53]. However, this band
could also be attributed to C = C stretching mode of conjugated polyenes with 7 double bonds
[7, 34, 54]. Spectra from the yellow-brown area and from the dark spot showed similar Raman
bands, with dark spots showing a slight enhancement of Raman signal (Figure C in S1 File).
Identification of black pigment–eumelanin
HPLC analyses confirmed the presence of PTCA, a specific eumelanin marker, but did not
detect 4-AHP, a specific pheomelanin marker in Clanculus shells (Table 1). PTCA was
detected, although only at trace levels, in pigmented Clanculus shells, but not in a shell that had
the top pigmented layer removed through decalcification by Na-EDTA, confirming that pig-
ment occurs only in the top layer of the shell. The specific pheomelanin marker 4-AHP was
Fig 2. Shells under visible and ultraviolet (UV) light. (A, B) Clanculus margaritarius A (specimen #7), NHMUK 20150502. (C, D)
Clanculus pharaonius (specimen #2). NHMUK 20160357. (E, F) Calliostoma zizyphinum (specimen #1). NHMUK 20160315. (A, C, E)
Visible light. (B, D, F) UV light. Note that both the pink-red and yellow-brown pigmentation of Clanculus shells fluoresce red under UV
light. The Ca. zizyphinum shell does not fluoresce under UV light.
doi:10.1371/journal.pone.0156664.g002
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Fig 3. Confocal images showing uroporphyrin distribution in areas of pink-red and yellow-brown
pigmentation onClanculus margaritarius shell. Shell images on each line are of a single shell and are in
approximately the same orientation and magnification. (A-C) Top of shell, Clanculus margaritarius A
(specimen #2). (A) Visible pink-red pigmentation. (B) Shaded volume 3D projection of a spectrally mixed
image of the same shell showing fluorescent red areas congruent with visible pink-red pigment. (C) Maximum
intensity projection of a spectrally unmixed image showing distribution of uroporphyrin I and III. (D-F)
Clanculus margaritarius B (specimen #10). (D) Visible pink-red pigmentation. (E) Maximum intensity
projection of a spectrally mixed image showing fluorescent red areas under UV light congruent with pink-red
pigment. (F) Maximum intensity projection of a spectrally unmixed image showing distribution of uroporphyrin
I and III. (G-L) Two different areas with yellow-brown, black and white colouration on shell ofC.margaritarius
A (specimen #2). (M-O) Yellow brown areas on shell of Clanculus margaritarius B (specimen #10). (G, J, M)
Visible pigmentation for approximately the same areas as used in analyses. (H, K, N) Maximum intensity
projection of spectrally mixed images showing red fluorescent areas under UV light congruent with yellow-
brown pigmentation. Panel N is shown in 3D. (I, L, O) Maximum intensity projection of spectrally unmixed
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not detected. HPLC traces for specimens Clanculus margaritarius B #8 and #12 are shown to
illustrate results (Figure D in S1 File)
Trace elements associated with pigmentation
There was no resolvable pattern of association between trace elements and pigmentation due
to either porphyrins or eumelanin. Results for each experiment are given below.
Energy Dispersive Spectrometry (EDS) and Microfocus Synchrotron Analysis. We used
EDS to determine whether any metals were associated with the shell pigment patterns observed
in C.margaritarius. Fully quantitative analysis was not possible in this case due to extensive
beam squirting effect in low vacuum and complex 3D topography, but visual examination of
distribution maps for each element showed no strong association of elements with pigments
(Figure E in S1 File).
A second attempt was made to search for any correlation between shell pigment patterns
and trace metals by using microfocus synchrotron analysis, which has lower detection limits
than conventional SEM-EDS. Maps of the trace metals Mn, Fe, Cu, Zn, and Sr show a non-uni-
form distribution consistent with the SEM-EDS results. The transition metals tend to be dis-
tributed in relatively equant granular masses 5 to 150 μm in size. Despite their similarity in
distribution patterns there is no obvious correlation between the transition metals and the
black, yellow-brown and white regions of the shell (Table F in S1 File). In contrast, Sr does
exhibit concentration bands that are parallel to yellow-brown/white colour boundaries
(Figure G in S1 File). Point analyses suggest elevated copper concentrations in the black spots
on the shell (black spot: 79 ppm, yellow-brown region: 4 ppm, white area: 6 ppm) however the
lack of an obvious circular pattern to the copper distribution makes it difficult to conclude that
the copper is related to black pigmentation in this case. Furthermore, the yellow-brown col-
oured region shows a much lower Ca fluorescence than the white or black areas, which suggests
that some type of layer of organic matter may overlay the aragonite (the shell-forming mineral,
an orthorhombic type of calcium carbonate) and absorb the fluoresced signal. The organic
layer is likely periostracum, a thin protein layer found on the outer surface of the shells of most
gastropods [55]. Maps of the light elements Si, P, S, and Cl also show granularity at 5 to
150 μm scale, although, in addition, these elements show intensity patterns at the 400 μm scale
parallel to the yellow-brown/white banding.
In an attempt to further characterize the shell, sulphur K-edge XANES were collected in the
yellow-brown and black regions (Figure H in S1 File). The spectrum from the yellow-brown
region exhibits a higher abundance of reduced organic sulphur species than the black area, con-
sistent with the presence of an organic film as postulated to explain the inhibited Ca fluores-
cence. Absorption of fluoresced X-rays by an organic film might also explain the banding
observed for the other light trace elements. The pattern observed for Sr, however, must be due
to an oscillatory zonation within the shell itself because the high energy Sr fluorescence would
not be appreciably attenuated by an organic layer of the type inferred here.
Attenuated Total Reflectance Fourier Transform Infrared Spectra (ATR-FTIR).
ATR-FTIR analyses showed that the black spots and yellow-brown regions include absorption
bands that can be assigned to alkanes (2920 and 2850 cm-1), amides (1650 cm-1) and
images showing distribution of uroporphyrin I and III. Panel O is shown in 3D. Note that in unmixed images
green corresponds to uroporphyrin I and red to uroporphyrin III and yellow to areas where both co-occur.
Note also that fluorescence is quenched in black spots and nearby white areas. Visible pigmentation is
marked on each image: pr–pink-red, bl–black spot, w–nearby white area, yb–yellow-brown. Panels (G-I)
include a small strip of blu-tack used to locate coloured areas.
doi:10.1371/journal.pone.0156664.g003
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Fig 4. HPLC analyses for porphyrins inClanculus. (A) Chromatogram of nine porphyrin standards. (B, C)Clanculus margaritarius A. (B)
Chromatogram of shell extract (specimen #3, 1:20 dilution). (C) Chromatogram of extract from coloured foot tissue (preserved in RNALater)
(specimen #3). (D) Chromatogram of C.margaritarius B shell extract (specimen #9, 1:5 dilution). (E) Chromatogram of shell extract of Clanculus
pharaonius (specimen #2). (F) Chromatogram of extract from foot tissue of Clanculus pharaonius (specimen # 1). Note that (B) and (C) were run on
the same day as the standards shown in (A); other samples were run on different days.
doi:10.1371/journal.pone.0156664.g004
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carboxylate groups (1580 cm-1), consistent with the presence of an organic film that includes
proteins or protein derived residue, possibly due to the periostracum. The strong CH3 (2980
cm-1) and C = O (1720 cm-1) peaks that dominate a reference uroporphyrin I spectrum are
also discernible in the shell (although they are dwarfed by the peaks from the other organic
moieties), supporting earlier results (Figure I in S1 File).
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). ToF-SIMS also detected
hydrocarbons, which appear to correlate with the yellow-brown regions (Figure J in S1 File).
The yellow-brown area showed the presence of organic material, aluminium, silicon and cal-
cium (from the shell material). This organic material consists of short hydrocarbon chains,
which may be fragments of longer chain material, broken under ion bombardment. A
Fig 5. UV-visible absorption spectra of the Na-EDTA aqueous extracts fromC.margaritarius A
(specimen #5) andC. pharaonius (specimen #5) collected at 2 hours and 13 days after extraction.
Positions of λmax (Soret band) and Q bands Q(I)–Q(IV) are marked.
doi:10.1371/journal.pone.0156664.g005
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hydrocarbon signal was not produced when the black spots were analysed using this surface
sensitive technique.
Laser ablation ICP-MS. Laser ablation ICP-MS results showed higher than background
levels of strontium and iron for all samples and raised levels of magnesium, copper and barium
in some samples but no clear link between colour and metal concentrations (Figure K in S1
File).
Discussion
Identification of pink-red and yellow-brown pigments
In this study the dominant shell pigments in Clanculus margaritarius and C. pharaonius were
determined to be uroporphyrin I and uroporphyrin III. Both pigments were also found in pig-
mented foot tissue. The distribution of fluorescence due to uroporphyrin I and III is congruent
with visible pink-red pigmentation on the C. pharaonius shell and at the top of the C.margari-
tarius shell, as well as areas of visible yellow-brown pigmentation on later whorls of C.margari-
tarius. For ease of discussion here and in future studies we name the pink-red pigment
trochopuniceus (‘trocho’ from Trochidae and ‘puniceus’ meaning purplish-red) and the yel-
low-brown pigment trochoxouthos (‘trocho’ from Trochidae and ‘xouthos’ meaning yellowish-
brown).
Uroporphyrin I has been found in the shells (e.g. [16, 23, 36]) and integument of many mol-
luscs (e.g. [56, 57]). On the other hand, uroporphyrin III was not detected in chemical studies
of molluscan shells using chromatography on talc and paper [5, 16], probably reflecting limita-
tions of this methodology. It was, however, mentioned in Nicholas and Comfort [23], who
cited three studies [35, 58, 59], stating that their findings indicate, “uroporphyrins I and III and
traces of coproporphyrin are responsible for the pink fluorescence of molluscan shells” (note
that we did not find mention of uroporphyrin III in [58]). Nicholas and Comfort [23], however
refuted these findings saying that only one uroporphyrin isomer existed in shells. Later studies
do not mention these findings, and argue that only uroporphyrin I occurs in shells (e.g. [5, 37,
60]). Uroporphyrin III has been found only rarely in other groups, most famously in turaco
bird feathers [61].
Visible pigmentation as a result of uroporphyrin also occurs in some annelids [62], mam-
malian teeth [63, 64], the eggshells of some bird species [65, 66] and in the integument of some
terrestrial and marine gastropods lacking shells. As a result of these occurrences it has been
suggested that the deposition of uroporphyrin is closely connected with calcium metabolism
[67], even though it is also known to occur in invertebrate integument and vertebrate skin. It
seems likely that only high concentrations of porphyrins result in visible pigmentation and this
Table 1. Concentration of melanin markers in Clanculus shells determined by HPLC.
Specimen PTCA (ng/g) 4-AHP (ng/g)
Clanculus margaritarius A #1 148 <2
Clanculus margaritarius A #2 156 Not determined
Clanculus margaritarius B #8 53 <6
Clanculus margaritarius B #12 <4 <6
Clanculus pharaonius #3 73 Not determined
Pyrrole-2,3,5-tricarboxylicacid (PTCA) and 4-amino-3-hydroxyphenylalanine (4-AHP) are speciﬁc markers
of eumelanin and pheomelanin, respectively. Note C. margaritarius B specimen #12 was a control for the
unpigmented nacreous shell layer, as the pigmented layer was removed by Na-EDTA prior to this analysis.
doi:10.1371/journal.pone.0156664.t001
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occurs most frequently in calcified structures. Porphyrin pigments in calcified structures are
highly stable over time, with fluorescent patterns detectable in fossil shells as far back as the
Jurassic [68].
To date only uroporphyrin is known positively to contribute to shell colour, although trace
quantities of other porphyrins have been detected. We identified traces of pentacarboxylate
porphyrin in Clanculus foot tissue and heptacarboxylate porphyrin in Clanculus shells and
these porphyrins may correspond to the porphyrins found previously in the shell of bivalve
Pteria radiata by Fischer & Jordan [69], but not found by later workers [23, 60]. Traces of
coproporphyrin were similarly found in both foot tissue and shells of Clanculus in our study
and have been found in other molluscan shells (e.g. [23, 36, 37]). None of these porphyrins
likely contribute to shell colour in Clanculus, given the small quantities. Likewise, traces of pro-
toporphyrin have recently been detected using HPLC coupled with mass spectrometry in the
shells of three neogastropod species (Hastula hectica, Conus purpurascens, Conus ebraeus and
one bivalve, Argopecten sp.) [6]. Insufficient quantities were obtained to measure using HPLC
and such small amounts suggest that this is unlikely to be the main pigment responsible for
shell colour. On the other hand, porphyrins other than uroporphyrin are known to contribute
to integumentary colour in some molluscs. For example the red-orange spots on the siphon of
the shipworm bivalve, Bankia setacea are due to protoporphyrin IX [70]. Protoporphyrin was
also found in the foot of an unnamedHaliotis (Lockwood, pers. comm. in [60]).
Although Calliostoma zizyphinum has shell colours superficially similar to those observed
in the Clanculus species, the pigmentation is not due to uroporphyrin. Only traces of uropor-
phyrin I and III were identified in HPLC analyses of Ca. zizyphinum shell and no fluorescence
was observed under UV light. Another difference is that the colour in Ca. zizyphinum shells
fades over a period of months, whereas the shell colour in the two Clanculus species is stable
over the same time period. Based on published studies of trochoidean shells, it is possible that
the pink-red and yellow-brown colours in Ca. zizyphinum are due to bilins as these pigments
have been found in other species from the same superfamily (e.g. trochids, turbinids and halio-
tids; [25, 36]). Further biochemical investigation is required to confirm this hypothesis.
Same porphyrins–different colours
Red fluorescence under UV light is typical of porphyrins and occurs only rarely in other
(mostly unidentified) molluscan pigments ([15] and references therein). Molluscan species
where red fluorescence has been shown to broadly coincide with visible pigment patterns on
the shell include several different visible colours. In such cases, the visible pigment may be
black (Cittarium pica), scarlet or pink-red (Tectus niloticus, Clanculus puniceus, C. pharao-
nius), pink-red or yellow-brown (C.margaritarius), pink (Aplustrum amplustre), brown
(Pteria) [15] (this study). Only in the case of C.margaritarius and C. pharaonius has the visible
pigment been shown to be congruent with the distribution of uroporphyrin I and uroporphyrin
III.
Porphyrins can associate with different metal ions that may affect the colour of the pigment;
however, in this study we found no clear evidence that the pattern of distribution of metal ions
matched shell colour. Moreover, the UV-visible spectra of shell extracts suggest that metal-free
porphyrins are dominating, although extraction methods using acid can affect metal content.
This is not likely to be an issue in our case, as protonation with acid of central nitrogens in the
macrocycle causes the same change in UV-visible spectra as metalation; essentially, the four Q-
bands collapse to two [50], which is not what we found. Moreover, porphyrins extracted with
EDTA at near-neutral pH (as in one of our specimens) are more likely to preserve the original
molecular configuration than those extracted with acid [6].
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A more compelling hypothesis for the difference in colour between trochopuniceus and tro-
choxouthos is suggested by studies of the turaco bird. This brightly coloured bird has green
and red feathers. The pigment responsible for the red colour is known as turacin and that for
the green pigment is turacoverdin. Turacin was identified as uroporphyrin III complexed with
copper [61, 71, 72] and several authors suggest that turacoverdin is ‘identical to or closely
related to an oxidised form of turacin’ [73]. Our tests showed that while the colour of trochox-
outhos extracted by Na-EDTA was stable over 13 d, an extract of trochopuniceus was initially
scarlet-red but turned red-brown over time becoming more similar in colour to trochoxouthos,
consistent with the spectral changes observed during a 13 day aging in the presence of light
(initially) and oxygen. An explanation for this change is suggested by the difference in Q-bands
observed in the spectra for the two pigments and the two different coloured solutions of tro-
chopuniceus. In the case of an unmetallated porphyrin, the Q-bands give some indication of
the substituents on the pyrrole β- and meso-positions. Changing Q-bands suggest changes to
these substituents, which is known to affect colour [50].
Black pigment
We hypothesised that black spots on Clanculus shells are the result of melanin. Melanins are
considered to be the most perplexing of all pigments [74, 75]. They cannot be described in
terms of a single, well-defined structure and fundamental gaps in our understanding have
resulted from a lack of standardised procedures for their extraction, purification, physical,
spectral and chemical characterization and use in experimental studies [74, 75]. They are
broadly defined as “pigments of diverse structure and origin derived by the oxidation and poly-
merization of tyrosine in animals or phenolic compounds in lower organisms” [75]. Two types
of melanin, likely derived from tyrosine, are known to occur in molluscs. The first, eumelanins,
occur widely in vertebrates and invertebrates and are responsible for brown and black colours
[76]. Pheomelanins are macromolecules that contribute to the colour of human red hair, and
although most commonly known in mammals and birds they have recently been identified as
the screening pigment in the shell-eyes of chitons [77]. Pheomelanins may be brown, yellow or
red in colour.
Our HPLC studies identified small amounts of eumelanin in Clanculus shells, but no tests
were undertaken to identify where this pigment is located. Based on colour, the eumelanin
likely occurs in areas with black spots. This hypothesis is further supported by initial examina-
tion of the Clanculus shells under a UV light, which revealed no fluorescence for areas with
black pigmentation and in nearby white areas. Non-fluorescent white areas presumably lack
fluorescent (and visible) pigment. On the other hand, melanins are known to produce dark pig-
mentation that quenches fluorescence [13].
It is known that eumelanin has a large capacity for binding metal ions and recent studies
have shown a correlation between the distribution of copper and eumelanin in several extant
and extinct species (e.g. [78]), although this may not apply in all cases (e.g. [79]). EDS point
analyses in this study identified elevated copper concentrations in the black spots on the shell
of C.margaritarius when compared with yellow-brown or white areas, but the lack of an obvi-
ous circular pattern to the copper distribution makes it difficult to conclude that the copper
distribution is controlled by black pigmentation alone.
Comparison of methods for the identification of shell pigments
Although results of HPLC analyses, UV-visible spectroscopy and fluorescence studies provide
positive evidence of porphyrin pigmentation, Raman spectra of Clanculus shells do not provide
a definitive identification of shell pigments. Raman spectra alone cannot resolve specific
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molecular structure [7], but conjugated polyenes, such as polyenals and carotenoids, have been
described from molluscan shells by the analysis of Raman bands. Such studies are becoming
increasingly popular for the identification of shell pigments (e.g. [7, 27–30, 51, 54, 80, 81]) and
we identify here some potential issues with distinguishing between polyenes and porphyrins.
Raman bands at ~1555 cm-1 such as those observed in the in situ spectra of the C.margari-
tarius shell can be attributed to porphyrins due to a Cβ-Cβ stretching mode in pyrrole systems
[29, 52, 53], but have also been assigned to conjugated polyenes. The observation of Raman
bands at ca. 1500–1530 and 1150–1160 cm-1 is due to stretching vibrations of the single and
double carbon bonds, as sharp and well defined bands, showing strong dependence with the
laser excitation; such bands can be easily assigned to conjugated polyenes, such as carotenoids
or similar compounds, whereas broad and low defined bands are suggestive of other types of
pigments containing conjugated bonds, such as porphyrins. Based on our previous experience,
it seems likely that if porphyrins and carotenoids co-occur, only the carotenoids would be
detected using Raman spectroscopy
Conjugated polyenes, such as polyenals and carotenoids produce characteristic vibrational
bands at ca. 1500–1570, 1120–1160 and 1000–1020 cm-1, and have been attributed to n
(C = C), n(C−C) and r(C-CH3) or n4(C-CH3) respectively [7, 27–29]. The main differences
between polyenals and carotenoids are the red-shifted wavenumber position of the (C−C)
stretching mode of polyenals by ca 30 cm−1 when compared with that of carotenoids, as well as
the absence in polyenals of the deformation mode related to the r(C−CH3) group at ca 1000
cm−1 and the presence of n4(C−CH3) at ca 1020 cm
−1 [82, 83].
Carotenoid-like Raman bands were reported for shell pigments in the trochid ‘Gibbula sp’,
although the authors’ state that they differ from the “partially or completely demethylated
polyenes” also referred to as conjugated polyenals found in their study in a variety of caenogas-
tropods, two scallops and one venerid bivalve [28]. We would not predict that carotenoids
would occur in trochids based on the systematic relationship with pigments observed to date
[4], but our study confirms that it may be difficult to use Raman spectroscopy to distinguish
between conjugated polyenes and porphyrins (although see [84]).
It is important to point out that conjugated polyenes extracted from biological samples or
synthetic products (parrodienes) are often only weakly soluble in organic solvents [83, 85],
which limit the use of many techniques for pigment identification. This, in combination with
difficulties associated with isolating enough pigment for chemical analyses, explains why
Raman spectroscopy has proved a valuable tool for the identification of chemical compounds
directly from tissues or surfaces of diverse materials.
Surface-sensitive methods used in this study were affected by organic layers occurring on
top of the shell and as such may not be the most suitable method for identifying shell pigments.
The organic material detected in this study on the surface of the shell likely corresponds to the
periostracum, a thin protein layer found on the outer surface of the shells of most gastropods
[55]. A protein coating has also prevented successful ATR-FTIR identification of underlying
materials in other studies (e.g. [86]). Problems with surface contamination and overlying
organic layers might be avoided in future studies by using a cross section of shell.
Evolution of pigments in Mollusca
Several authors have suggested that shell colour in gastropods, and the assimilation of porphy-
rins in particular, arose originally through the need to eliminate ‘unmanageable’ metabolic
waste products [13, 87], although others have contested this idea [7]. The idea that shell pig-
ments were originally waste products provides a potential starting point for the stepwise evolu-
tion of shell colour and pattern in molluscs. The long-term evolutionary maintenance of
Identification of Gastropod Shell Pigments
PLOS ONE | DOI:10.1371/journal.pone.0156664 July 1, 2016 18 / 25
porphyrin pigmentation in combination with the likely energetic cost involved in porphyrin
production [4], suggests these pigments offer some selective advantage. Since the Cambrian
explosion and the development of the first image-forming eyes, there has likely been strong
pressure on shell colour and pattern to serve as camouflage or as warning as predators evolved
both colour vision and better visual acuity [87]. However, visible colours associated with higher
concentrations of porphyrins and their pattern of deposition likely came under strong selection
in the evolutionary past even before image-forming eyes had evolved. For example, it has been
suggested that porphyrins may offer thermal advantages to bird eggs in warm, exposed envi-
ronments as they do not absorb infrared radiation [39]. Intertidal marine snails exposed to
high temperatures, with porphyrin pigmentation in their shells might also be expected to bene-
fit from this property, although this has not been tested.
Although there have been no studies of the evolution of shell colour in Mollusca, in part
given the inherent difficulties of fully characterising shell pigments, data available to date hint
at the possibility they may be distributed in a phylogenetically relevant pattern [4]. Yet, despite
the fact that Trochidae and Calliostomatidae are sister taxa [88], three species with superficially
similar colouration from these two families do not share the same pigments. This has impor-
tant ramifications for studies of the molecular processes involved in the synthesis of shell col-
our, as genes involved in colour production may not be shared among taxa.
It also suggests that colour may be a poor taxonomic character for comparisons among gen-
era and families because similar colours can evolve by convergence. The fact that different pig-
ments produce similar colours in the three different species examined in this study suggests
that there may be some adaptive value for these colours and patterns despite differences in
their habitats. Red fluorescence produced by porphyrins, on the other hand, is unlikely to be
visually selective in brightly lit conditions, since it is only apparent in very strong UV light,
which the animals tend to avoid (living in underwater caves or under rocks).
Conclusions
This is the most rigorous investigation into the identification of molluscan shell pigments
undertaken to date. As a result of these studies the dominant shell and foot pigments in C.mar-
garitarius and C. pharaonius are shown to be pigments that we name trochopuniceus and tro-
choxouthos. These pigments correspond to the visible colours pink-red and yellow-brown
respectively. They are both comprised of uroporphyrin I and III. Their difference in colour is
probably consistent with differences in the relative intensity of the Q-bands in the UV-visible
spectra of porphyrins, but further research is needed in this direction. Traces of eumelanin
were also identified and likely correspond to small black spots on the shell. The absence of tro-
chopuniceus and trochoxouthos from Ca. zizyphinum, despite similar colours on its shell, con-
firms that similar shell colours can arise from different pigments [7]. This important fact
highlights the need to identify pigments chemically prior to evolutionary studies, as mistakes
might be made regarding homoplasy versus homology if one looks only at colour and pattern.
Our results also have important implications for future studies of shell pigments. Our study
shows that HPLC, fluorescence studies and UV-visible spectrometry were the most informative
methods for identifying eumelanin and uroporphyrin I and III.
Supporting Information
S1 File. Compressed zip folder containing two tables and nine figures. Table A. Table with
sample details for Clanculus margaritarius A & B, C. pharaonius and Calliostoma zizyphi-
num. Specimen number, sampling locality, analyses undertaken in this study, and correspond-
ing photos or data. Fig B. Confocal images showing uroporphyrin distribution in areas of
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pink-red pigmentation for Clanculus pharaonius. Shell images on each line are of a single
shell and are in approximately the same orientation and magnification. (A-C) Top of shell
(specimen #4). (A) Visible pink-red pigmentation. (B) Shaded volume 3D projection of a spec-
trally mixed image of the same shell showing fluorescent areas congruent with visible pink-red
pigment. (C) Maximum intensity projection of a spectrally unmixed image showing distribu-
tion of uroporphyrin I and III. (D-F) Area on later whorl of same specimen. (D) Visible pig-
mentation for approximate areas used in analyses. (E) Maximum intensity projection of
spectrally mixed images showing fluorescent areas under UV light congruent with pink-red
pigmentation. (F) Maximum intensity projection of spectrally unmixed images showing distri-
bution of uroporphyrin I and III. Note that in unmixed images green corresponds to uropor-
phyrin I and red to uroporphyrin III and yellow to areas where both co-occur. Note also that
fluorescence is quenched in black spots and nearby white areas. Visible pigmentation is marked
on each image: pr–pink-red, bl–black spot, w–white area. Fig C. Results of Raman spectros-
copy. Spectra excited by 532 nm light on surface of shell of Clanculus margaritarius B (speci-
men #7). (A) Yellow-brown area. (B) Black spot. (C) Comparison of two spectra from (A) and
(B). Fig D. High performance liquid chromatography (HPLC) analyses for eumelanin in
Clanculus margaritarius B. (A) Chromatogram of specimen #8 (measurable PTCA). (B)
Chromatogram of specimen #12 (no obvious PTCA). Fig E. EDS maps of Clanculus margari-
tarius shell (specimen #11) for 14 metal ions. Black spot spectra were taken from the centre
of the ESEM images; yellow-brown spectra were taken from the areas in the top left corner.
Analyses were run on a FEI Quanta 650 FEG SEM equipped with a multi-channel Bruker
5060F XFlash QUAD EDS system with an acquisition time of 180 s, working distance 8.8 mm,
chamber pressure 67 Pa and an accelerating voltage of 25 kV. Table F. Synchrotron XRF EDS
quantification of pigmented and unpigmented regions of Clanculus margaritarius (speci-
men #11). 2σ errors in parentheses. Values in ppm unless where stated in weight% (%). Fig G.
Microfocus map of strontium (Sr) in C.margaritarius shell (specimen #11). Sr exhibits con-
centration bands that are parallel to yellow-brown/white colour boundaries. Optical photo not
available. Fig H. Sulfur XANES spectra obtained from the yellow-brown and black regions
of a C.margaritarius shell (specimen #11). The spectrum from the yellow-brown region
exhibits a higher abundance of reduced organic sulfur species than the black area, consistent
with the presence of an organic film as postulated to explain the inhibited Ca fluorescence. Ver-
tical dashed line represents the peak position for sulfate determined by a ZnSO4 standard
(~2482 eV). Fig I. Attenuated Total Reflectance Infrared Spectra of C.margaritarius (speci-
men #11) bulk shell material compared to a dark spot and a uroporphyrin I standard. Dot-
ted lines indicate potential peaks of similarity between the samples though this is not enough
to demonstrate the presence of uroporphyrin, there are also no apparent differences between
the spectra of the bulk shell material and the dark spot. Both show the presence of organic mat-
ter and protein moieties. Fig J. TofSIMS maps of Clanculus margaritarius shell (specimen
#11). Secondary ion images are shown with a rainbow colour scheme from black (no counts)
to red (maximum). Numbers in parentheses are the total counts given in each individual image
followed by the maximum count. In positive secondary ion mode, non-polar organic molecules
usually ionize as (M+H)+ which means one hydrogen atom has to be subtracted from the mea-
sured secondary ions to get the actual molecule present in the sample. Fig K. Graphs showing
results of laser ablation for five selected metals. Each curve represents a different sample.
There are seven samples for black pigment (black lines), three from Clanculus margaritarius
and four from C. pharaonius shells; five samples for red pigment (red lines) from C. pharaonius
shells; 12 samples for white areas (grey lines), seven from C.margaritarius and five from C.
pharaonius shells; and nine samples for yellow-brown pigment (yellow lines) all from C.
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margaritarius. See Table A for list of specimens used.
(ZIP)
Acknowledgments
We are very grateful to Graham Taylor for undertaking mass spectrometric analyses and dis-
cussion about the project; Natalie Cooper for writing a script to graph the laser ablation results;
Piotr Kuklinski for providing specimens of Calliostoma zizyphinum; Tomo Nakano for provid-
ing specimens of Clanculus margaritarius A; Gustav Paulay for collecting C. pharaonius in
Saudi Arabia while at KAUST and Michael Berumen and Joey DiBattista for the invitation to
STW to visit KAUST. We also thank Emma Humphreys-Williams and Holly Barden for expert
help in the laboratory, Harry Taylor for photos of specimens, Rebecca Summerfield (Sackler
Biodiversity Imaging Laboratory, NHM) and Jonathan Jackson for photos under UV and visi-
ble light and Katharina von Oheimb for reading German text. We thank Steven Bell, Greg
Edgecombe and Fiona Cole-Hamilton for discussions about colour and pigments and Menno
Schilthuizen, Tim Littlewood, Andrew Parker, David Reid and John Taylor for comments on
early versions of the manuscript.
Author Contributions
Performed the experiments: STW SI KW TG NPE RAW TH LFM SS TJ JTM. Analyzed the
data: STW SI KW TG NPE RAW TH LFCO LFM SS JTM. Conceived the project: STW. Wrote
the first draft: STW. Contributed text or figures: STW SI KW TG NPE RAW TH LFCO LFM
SS TJ DIS JTM.
References
1. McGraw K. The antioxidant function of many animal pigments: are there consistent health benefits of
sexually selected colourants? Anim Behav. 2005; 69(4): 757–764. doi: 10.1016/j.anbehav.2004.06.022
2. Oxford GS, Gillespie RG. Evolution and ecology of spider colouration. Annu Rev Entomol. 1998; 43:
619–643. doi: 10.1146/annurev.ento.43.1.619 PMID: 15012400
3. Ruxton GD, Sherratt TN, Speed MP. Avoiding Attack: The Evolutionary Ecology of Crypsis, Warning
Signals and Mimicry. Oxford: Oxford University Press; 2004.
4. Williams ST. Molluscan shell colour. Biol Rev. 2016: doi: 10.1111/brv.12268
5. Goodwin TW. Pigments of Mollusca. Volume VII Mollusca. In: Florkin M, Scheer BT, editors. Chemical
Zoology. New York: Academic Press; 1972. p. 187–199.
6. Verdes A, ChoW, Hossain M, Brennan PL, Hanley D, Grim T, et al. Nature's palette: Characterization
of shared pigments in colorful avian and mollusk shells. PloS One. 2015; 10(12): e0143545. doi: 10.
1371/journal.pone.0143545 PMID: 26650398; PubMed Central PMCID: PMCPMC4674117.
7. Hedegaard C, Bardeau J-F, Chateigner D. Molluscan shell pigments: An in situ resonance Raman
study. J Moll Stud. 2006; 72(2): 157–162. doi: 10.1093/mollus/eyi062
8. Ożgo M, Schilthuizen M. Evolutionary change inCepaea nemoralis shell colour over 43 years. Glob
Chang Biol. 2012; 18(1): 74–81. doi: 10.1111/j.1365-2486.2011.02514.x
9. Richards PM, Liu MM, Lowe N, Davey JW, Blaxter ML, Davison A. RAD-Seq derived markers flank the
shell colour and banding loci of the Cepaea nemoralis supergene. Mol Ecol. 2013; 22(11): 3077–89.
doi: 10.1111/mec.12262 PMID: 23496771; PubMed Central PMCID: PMC3712483.
10. Mann K, Jackson DJ. Characterization of the pigmented shell-forming proteome of the common grove
snailCepaea nemoralis. BMCGenomics. 2014; 15(1): 249. doi: 10.1186/1471-2164-15-249 PMID:
24684722; PubMed Central PMCID: PMC4023409.
11. Lemer S, Saulnier D, Gueguen Y, Planes S. Identification of genes associated with shell color in the
black-lipped pearl oyster, Pinctada margaritifera. BMCGenomics. 2015; 16: 568. doi: 10.1186/s12864-
015-1776-x PMID: 26231360; PubMed Central PMCID: PMC4521380.
12. Jackson DJ, McDougall C, Green K, Simpson F, Worheide G, Degnan BM. A rapidly evolving secre-
tome builds and patterns a sea shell. BMC Biology. 2006; 4: 40. doi: 10.1186/1741-7007-4-40 PMID:
17121673; PubMed Central PMCID: PMC1676022.
Identification of Gastropod Shell Pigments
PLOS ONE | DOI:10.1371/journal.pone.0156664 July 1, 2016 21 / 25
13. Comfort A. The pigmentation of molluscan shells. Biol Rev. 1951; 26(3):285–301. doi: 10.1111/j.1469-
185X.1951.tb01358.x
14. MacMunn CA. On the presence of haematoporphyrin in the integument of certain invertebrates. J Phy-
siol. 1886; 7(3): 240–252. PMID: 16991431
15. Comfort A. Acid-soluble pigments of shells. 1. The distribution of porphyrin fluorescence in molluscan
shells. Biochem J. 1949; 44(1): 111–117. doi: 10.1042/bj0440111
16. Comfort A. Molluscan shells as a practical source of uroporphyrin I. Science. 1950; 112: 279–280. doi:
10.1126/science.112.2906.279 PMID: 14781725
17. Underwood AJ, Creese RG. Observations on the biology of the trochid gastropod Austrocochlea con-
stricta (Lamarck) (Prosobranchia). II. The effects of available food on shell-banding pattern. J Exp Mar
Bio Ecol. 1976; 23(3): 229–240. doi: 10.1016/0022-0981(76)90022-8
18. Comfort A. Acid soluble pigments of molluscan shells. 3. The indigoid character of the blue pigment of
Haliotis cracherodii Leach. Biochem J. 1949; 45: 204–208. doi: 10.1042/bj0450204
19. Comfort A. Acid-soluble pigments of molluscan shells. 2. Pigments other than porphyrins. Biochem J.
1949; 45(2): 199–204. doi: 10.1042/bj0450199
20. Comfort A. Biochemistry of molluscan shell pigments. Proceedings of the Malacological Society of Lon-
don. 1950; 28(2): 79–85.
21. Comfort A. Acid-soluble pigments of molluscan shells. 5. Identity of some subsidiary fractions derived
from Pinctada vulgaris. Biochem J. 1950; 47(2): 254–255. doi: 10.1042/bj0470254 PMID: 14791353
22. Comfort A. Observations on the shell pigments of land pulmonates. Proceedings of the Malacological
Society of London. 1951; 29(1): 35–44.
23. Nicholas REH, Comfort A. Acid-soluble pigments of molluscan shells. 4. Identification of shell porphy-
rins with particular reference to conchoporphyrin. Biochem J. 1949; 45:208–210. doi: 10.1042/
bj0450208
24. Cai Z, Wu J, Chen L, GuoW, Li J, Wang J, et al. Purification and characterisation of aquamarine blue
pigment from the shells of abalone (Haliotis discus hannai Ino). Food Chem. 2011; 128: 129–133. doi:
10.1016/j.foodchem.2011.03.006 PMID: 25214339
25. Jones P, Silver J. Red and blue-green bile pigments in the shell of Astraea tuber (Mollusca: Archaeo-
gastropoda). Comp Biochem Physiol B. 1979; 63B: 185–188. doi: 10.1016/0305-0491(79)90027-0
26. Ogata T, Fusetani N, Yamaguchi K. Turboverdin, a new bile pigment from a turban shell, Turbo cornu-
tus. Comp Biochem Physiol B. 1979; 63: 239–243. doi: 10.1016/0305-0491(79)90035-X
27. Barnard W, deWaal D. Raman investigation of pigmentary molecules in the molluscan biogenic matrix.
J Raman Spectrosc. 2006; 37(1–3): 342–352. doi: 10.1002/jrs.1461
28. Bergamonti L, Bersani D, Mantovan S, Lottici PP. Micro-Raman investigation of pigments and carbon-
ate phases in corals and molluscan shells. Eur J Mineral. 2013; 25(5):845–53. doi: 10.1127/0935-1221/
2013/0025-2318
29. de Oliveira LN, de Oliveira VE, D'Avila S, Edwards HG, de Oliveira LF. Raman spectroscopy as a tool
for polyunsaturated compound characterization in gastropod and limnic terrestrial shell specimens.
Spectrochim Acta A Mol Biomol Spectrosc. 2013; 114: 541–546. doi: 10.1016/j.saa.2013.05.095
PMID: 23792293.
30. Stemmer K, Nehrke G. The distribution of polyenes in the shell of Arctica islandica from North Atlantic
localities: a confocal Raman microscopy study. J Moll Stud. 2014; 80(4): 365–370. doi: 10.1093/mollus/
eyu033
31. Britton G, Helliwell JR. Carotenoid-protein interactions. In: Britton G, Liaaen-Jensen S. and Pfander H.
(Eds.) Carotenoids. Vol. 4. Natural Functions. Basel, Berkhäuser; 2008 p. 99–118.
32. Zheng H, Liu H, Zhang T, Wang S, Sun Z, Liu W, et al. Total carotenoid differences in scallop tissues of
Chlamys nobilis (Bivalve: Pectinidae) with regard to gender and shell colour. Food Chem. 2010; 122(4):
1164–1167. doi: 10.1016/j.foodchem.2010.03.109
33. Maoka T, Ochi J, Mori M, Sakagami Y. Identification of carotenoids in the freshwater shellfishUnio dou-
glasiae nipponensis, Anodonta lauta, Cipangopaludina chinensis laeta, and Semisulcospira libertina. J
Oleo Sci. 2012; 61(2):69–74. doi: 10.5650/jos.61.69 PMID: 22277890
34. Karampelas S, Fritsch E, Mevellec J-Y, Sklavounos S, Soldatos T. Role of polyenes in the coloration of
cultured freshwater pearls. Eur J Mineral. 2009; 21(1): 85–97. doi: 10.1127/0935-1221/2009/0021-
1897
35. Tixier R. Contribution à l'étude de quelques pigments pyrroliques naturels des coquilles de mollusques,
de l'oeuf d'emeu, et du squelette du corail bleu (Heliopora caerulea). Annales de l'Institut océanographi-
que. 1945; 22:243–97.
Identification of Gastropod Shell Pigments
PLOS ONE | DOI:10.1371/journal.pone.0156664 July 1, 2016 22 / 25
36. Tixier R. Sur quelques pigments tetrapyrroliques provenant d'animaux marins. Mémoires du Museum
national d'histoire naturelle Series A. 1952; 5:41–132.
37. Fox DL. Animal Biochromes and Structural Colours: Physical, Chemical, Distributional and Physiologi-
cal Features of the Coloured Bodies in the Animal World. Second ed. Berkeley and Los Angeles, Cali-
fornia: University of California Press; 1976.
38. Lindstedt C, Morehouse N, Pakkanen H, Casas J, Christides J-P, Kemppainen K, et al. Characterizing
the pigment composition of a variable warning signal of Parasemia plantaginis larvae. Funct Ecol. 2010;
24(4): 759–766. doi: 10.1111/j.1365-2435.2010.01686.x
39. McGraw K. Mechanics of uncommon colours: pterins, porphyrins and psittacofulvins. In: Hill GE,
McGraw KJ, editors. Bird Coloration: Mechanisms and Measurements. Cambridge, M. A.: Harvard
University Press; 2006. p. 354–98.
40. Jordan PM,Warren MJ. Evidence for a dipyrromethane cofactor at the catalytic site of E. coli porphobili-
nogen deaminase. FEBS Lett. 1987; 225: 87–92. doi: 10.1016/0014-5793(87)81136-5 PMID: 3079571
41. Ito S, Nakanishi Y, Valenzuela RK, Brilliant MH, Kolbe L, Wakamatsu K. Usefulness of alkaline hydro-
gen peroxide oxidation to analyze eumelanin and pheomelanin in various tissue samples: application
to chemical analysis of human hair melanins. Pigment Cell Melanoma Res. 2011; 24(4): 605–613. doi:
10.1111/j.1755-148X.2011.00864.x PMID: 21535429.
42. Wakamatsu K, Ito S, Rees JL. The usefulness of 4-amino-3-hydroxyphenylalanine as a specific marker
of pheomelanin. Pigment Cell Res. 2002; 15:225–32. PMID: 12028587.
43. Bertsch PM, Hunter DB. Applications of synchrotron-based X-ray microprobes. Chem Rev. 2001; 101:
1809−1842. doi: 10.1021/cr990070s PMID: 11710000
44. Solé VA, Papillon E, Cotte M, Walter P, Susini J. A multiplatform code for the analysis of energy-disper-
sive X-ray fluorescence spectra. Spectrochim Acta B At Spectrosc. 2007; 62:63–68. doi: 10.1016/j.sab.
2006.12.002
45. Henkel T, Tizard J, Blagburn DJ, Lyon IC. Interstellar dust laser explorer: A new instrument for elemen-
tal and isotopic analysis and imaging of interstellar and interplanetary dust. Rev Sci Instrum. 2007; 78
(5): 055107. doi: 10.1063/1.2735565 PMID: 17552860
46. Henkel T, Gilmour J. 15.22—Time-of-Flight Secondary Ion Mass Spectrometry, Secondary Neutral
Mass Spectrometry, and Resonance Ionization Mass Spectrometry. In: Holland HD, Turekian KK, edi-
tors. Treatise on Geochemistry ( Second Edition). Oxford: Elsevier; 2014. p. 411–24.
47. Fletcher JS, Conlan XA, Lockyer NP, Vickerman JC. Molecular depth profiling of organic and biological
materials. Appl Surf Sci. 2006; 252(19):6513–6516. doi: 10.1016/j.apsusc.2006.02.213
48. Henkel T, Rost D, Lyon IC. Improvements in quantification accuracy of inorganic time‐of‐flight second-
ary ion mass spectrometric analysis of silicate materials by using C60 primary ions. Rapid Commun
Mass Spectrom. 2009; 23(21): 3355–3360. doi: 10.1002/rcm.4257 PMID: 19780063
49. Wijesekera TP, Dolphin D. Some preparations and properties of porphyrins. Adv Exp Med Biol. 1985;
193: 229–266. doi: 10.1007/978-1-4613-2165-1_25 PMID: 2937265
50. Milgrom LR. The Colours of Life: An Introduction to the Chemistry of Porphyrins and Related Com-
pounds. Oxford: Oxford University Press; 1997.
51. Urmos J, Sharma SK, Mackenzie FT. Characterization of some biogenic carbonates with Raman spec-
troscopy. Amer Mineral. 1991; 76: 641–646.
52. Spiro TG, Czernuszewicz RS, Li XY. Metalloporphyrin structure and dynamics from resonance raman
spectroscopy. Coord Chem Rev. 1990; 100: 541–571. doi: 10.1016/0010-8545(90)85019-O
53. Aydin M. DFT and Raman spectroscopy of porphyrin derivatives: Tetraphenylporphine (TPP). Vib
Spectrosc. 2013; 68: 141–152. doi: 10.1016/j.vibspec.2013.06.005
54. Karampelas S, Fritsch E, Mevellec JY, Gauthier JP, Sklavounos S, Soldatos T. Determination by
Raman scattering of the nature of pigments in cultured freshwater pearls from the molluskHyriopsis
cumingi. J Raman Spectrosc. 2007; 37: 342–352. doi: 10.1002/jrs.1626
55. Nakayama S, Suzuki M, Endo H, Iimura K, Kinoshita S, Watabe S, et al. Identification and characteriza-
tion of a matrix protein (PPP-10) in the periostracum of the pearl oyster, Pinctada fucata. FEBS Open
Bio. 2013; 3: 421–427. doi: 10.1016/j.fob.2013.10.001 PMID: 24251105; PubMed Central PMCID:
PMC3821031.
56. Kennedy GY. A porphyrin pigment in the integument of Arion ater (L.). J Mar Biol Assoc UK. 1959; 38:
27–32. doi: 10.1017/S0025315400015551
57. Kennedy GY, Vevers HG. The occurrence of porphyrins in certain marine invertebrates. J Mar Biol
Assoc UK. 1954; 33: 663–676. doi: 10.1017/S002531540002693X
58. Fischer H, Haarer E. Über Uroporphyrin aus Muschelschalen. Hoppe-Seyler´s Zeitschrift für physiolo-
gische Chemie. 1932; 204(1–2): 101–104. doi: 10.1515/bchm2.1932.204.1–2.101
Identification of Gastropod Shell Pigments
PLOS ONE | DOI:10.1371/journal.pone.0156664 July 1, 2016 23 / 25
59. Waldenström J. Studien über porphyrie. Acta Med Scand Suppl. 1937; 82: 1–254.
60. Kennedy GY. Pigments of marine invertebrates. Adv Mar Biol. 1979; 16: 309–381. doi: 10.1016/S0065-
2881(08)60295-3
61. Nicholas REH, Rimington C. Isolation of unequivocal uroporhyrin III. A further study of turacin. Biochem
J. 1951; 50: 194–201. doi: 10.1042/bj0500194 PMID: 14904392.
62. Kennedy GY. Porphyrins in invertebrates. Ann N Y Acad Sci. 1975; 244: 662–673. doi: 10.1111/j.1749-
6632.1975.tb41560.x PMID: 237456
63. Paul KG, Engström A, Engfeldt B. Localization of porphyrins in bone tissue in a case of porphyria cuta-
nea tarda. J Clin Pathol. 1953; 6: 135–139. doi: 10.1136/jcp.6.2.135 PMID: 13052735
64. Hessels J, Voortman G, Van der Wagen A, Van der Elzen C, Scheffer H, Zuijderhoudt FMJ. Homozy-
gous acute intermittent porphyria in a 7-year-old boy with massive excretions of porphyrins and porphy-
rin precursors. J Inherit Metab Dis. 2004; 27: 19–27. doi: 10.1023/B:BOLI.0000016613.75677.05
PMID: 14970743
65. With TK. Micro-estimation of porphyrins in bones, teeth and shells. Biochem J. 1955; 60: 703–704.
PubMed PMCID: PMID: PMC1216174.
66. Hendry GA, Jones OT. Haems and chlorophylls: comparison of function and formation. J Med Genet.
1980; 17(1): 1–14. doi: 10.1136/jmg.17.1.1 PMID: 6988593
67. Kosaki T. Porphyrin bodies contained in pearls. Seiri Seitai. 1947; 1: 247–250. Japanese.
68. Caze B, Merle D, Schneider S. UV light reveals the diversity of Jurassic shell colour patterns: Examples
from the Cordebugle Lagerstatte (Calvados, France). PloS One. 2015; 10(6): e0126745. doi: 10.1371/
journal.pone.0126745 PMID: 26039592; PubMed Central PMCID: PMC4454669.
69. Fischer H, Jordan K. Zur Kenntnis der natürlichen Porphyrine. XXV. Mitteilung. Über Konchoporphyrin,
sowie Überführung von Protoporphyrin aus Malz in Mesoporphyrin IX. Hoppe-Seyler´s Zeitschrift für
physiologische Chemie. 1930; 190: 75–92. doi: 10.1515/bchm2.1930.190.1–2.75
70. Townsley PM, Richy RA, Trussell PC. The occurrence of protoporphyrin and myoglobin in the marine
borer, Bankia setacea (Tryon). Can J Zool. 1965; 43(1): 167–172. doi: 10.1139/z65-015
71. Church AH. Researches on turacin, an animal pigment containing copper. Philos Trans R Soc Lond A.
1869; 159: 627–636. doi: 10.1098/rstl.1869.0024
72. Church AH. Researches on turacin, an animal pigment containing copper. II. Philos Trans R Soc Lond
A. 1892; 183: 511–530. doi: 10.1098/rsta.1892.0013
73. Dyck J. Spectra of plumage areas colored by green feather pigments. The Auk. 1992; 109: 293–301.
doi: 10.2307/4088197
74. Ito S, Wakamatsu K, d'Ischia M, Napolitano A, Pezzella A. Structure of melanins. In: Borovansky J,
Riley PA, editors. Melanins and Melanosomes: Biosynthesis, Biogenesis, Physiological, and Pathologi-
cal Functions. Weinheim, Germany: Wiley-VCH Verlag GmbH & Co. KGaA; 2011.
75. d'Ischia M, Wakamatsu K, Napolitano A, Briganti S, Garcia-Borron JC, Kovacs D, et al. Melanins and
melanogenesis: methods, standards, protocols. Pigment Cell Melanoma Res. 2013; 26(5): 616–633.
doi: 10.1111/pcmr.12121 PMID: 23710556.
76. Delgado-Vargas F, Jiménez AR, Paredes-López O. Natural pigments: carotenoids, anthocyanins, and
betalains—characteristics, biosynthesis, processing, and stability. Crit Rev Food Sc Nutrition. 2000; 40
(3): 173–289. doi: 10.1080/10408690091189257
77. Speiser DI, DeMartini DG, Oakley TH. The shell-eyes of the chiton Acanthopleura granulata (Mollusca,
Polyplacophora) use pheomelanin as a screening pigment. J Nat Hist. 2014; 48: 45–48. doi: 10.1080/
00222933.2014.959572
78. Wogelius RA, Manning PL, Barden HE, Edwards NP, Webb SM, Sellers WI, et al. Trace metals as bio-
markers for eumelanin pigment in the fossil record. Science. 2011; 333(6049): 1622–1626. doi: 10.
1126/science.1205748 PMID: 21719643.
79. Niecke M, Heid M, Krüger A. Correlations between melanin pigmentation and element concentration in
feathers of White-tailed Eagles (Haliaeetus albicilla). J Ornithol. 1999; 140: 355–362. doi: 10.1007/
BF01651032
80. Thompson CM, North EW,White SN, Gallager SM. An analysis of bivalve larval shell pigments using
micro-Raman spectroscopy. J Raman Spectrosc. 2014; 45: 349–358. doi: 10.1002/jrs.4470
81. Ferrer P, Ruiz-Moreno S, de Torres AR, López-Gil A. Molecular stratigraphic analysis with Raman
spectroscopy of the shell of a mussel. Martech 2013 5th International Workshop on Marine Technology;
Girona: SARTI; 2013.
82. Veronelli M, Zerbi G, Stradi R. In situ resonance Raman spectra of carotenoids in birds feathers. J
Raman Spectrosc. 1995; 26: 683–692. doi: 10.1002/jrs.1250260815
Identification of Gastropod Shell Pigments
PLOS ONE | DOI:10.1371/journal.pone.0156664 July 1, 2016 24 / 25
83. Fernandes RF, Maia LF, Couri MR, Costa LA, de Oliveira LF. Raman spectroscopy as a tool in differen-
tiating conjugated polyenes from synthetic and natural sources. Spectrochim Acta A Mol Biomol Spec-
trosc 2015; 134: 434–441. doi: 10.1016/j.saa.2014.06.022 PMID: 25033235.
84. Thomas DB, Hauber ME, Hanley D, Waterhouse GI, Fraser S, Gordon KC. Analysing avian eggshell
pigments with Raman spectroscopy. J Exp Biol. 2015; 218(Pt 17): 2670–2674. doi: 10.1242/jeb.
124917 PMID: 26113138.
85. Maia LF, de Oliveira VE, Oliveira MER, Reis FD, Fleury BG, Edwards HGM, et al. Colour diversification
in octocorals based on conjugated polyenes: A Raman spectroscopic view. J Raman Spectrosc. 2013;
44(4): 560–566. doi: 10.1002/jrs.4226
86. Konstantinidou K, Strekopytov S, Humphreys-Williams E, Kearney M. Identification of cellulose nitrate
X-ray film for the purpose of conservation: Organic elemental analysis. Stud Conserv. 2016. doi: 10.
1080/00393630.2016.1150411
87. Kobluk DR, Mapes RH. The fossil record, function and possible origins of shell colour pattern in Paleo-
zoic marine invertebrates. Palaios. 1989; 4: 63–85. doi: 10.2307/3514734
88. Williams ST. Advances in molecular systematics of the vetigastropod superfamily Trochoidea. Zool
Scr. 2012; 41(6): 571–595. doi: 10.1111/j.1463-6409.2012.00552.x
Identification of Gastropod Shell Pigments
PLOS ONE | DOI:10.1371/journal.pone.0156664 July 1, 2016 25 / 25
